Abstract. Interferometric synthetic aperture radar (InSAR) data from the ERS-1 and ERS-2 satellites are used to measure the surface velocity, topography, and grounding line position of the major outlet glaciers in the northern sector of the Greenland ice sheet. The mass output of the glaciers at and above the grounding line is determined and compared with the mass input. We find that the grounding line output is approximately in balance with the input, except for the three largest glaciers for which the mass loss is 4ñ3 knl 3 ice year 4 or 11 ñ8% of the mass input. Along the coast we detect a systematic retreat of the grounding lines between 1992 and 1996 with InSAR, which implies that the outlet glaciers are thinning. The inferred coastal thinning is too large to be explained by a few warm summers. Glacier thinning must be of dynamic origin, that is, caused by spatial and temporal changes in ice velocity. Iceberg production from the glaciers is uncharacteristically low. It accounts for only 8% of the ice discharge to the ocean. About 55% of the ice is lost through basal melting (5-8 rn ice year -• on average) from the underside of the floating glacier tongues that are in contact with warm ocean waters. Mass losses are highest in the fn:st 10 km of floating ice, where ice reaches the greatest depths and basal melting is 3 times larger than on average. Only a small increase in basal melting would suffice to disintegrate the floating glacier tongues.
doughin et al., 1995; Rignot, 1996; doughin et al., 1996 Mohr et al., 1998 ] and will not be repeated here. We will only summarize the salient features of our methodology.
The first InSAR observations of northern Greenland were collected in the winter of 1992 by ERS-1, then collected on a 3-day exact-repeat orbit cycle. A larger volume of data was acquired in the winter of 1995-1996 by ERS-1 and ERS-2 flying in tandem mode, i.e. ERS-2 following ERS-1 along the same orbit with a 1-day time difference. Almost no tandem data were acquired after 1996.
In Table-1 we compare the results with ISR at the point of crossing with the grounding line. The average error is 8+13% of the actual thickness. Large deviations (30%) exist on a few glaciers (Hagen Brae and Storstrommen), which are not in equilibrium because they are surge-type glaciers. An ad hoc correction (i.e., an absolute bias and a new multiplicative factor) is applied on the DEM data to reduce the uncertainty in derived thickness. The precision of the corrected thickness is estimated to be 20-50 m (last column of Table 1 and Fig. 1 ). Double-difference SAR interferograms were used to generate 3.3. Ice Fluxes topographic maps of the ice sheet with a vertical precision no better than +20 m. These maps helped correct single-difference SAR interferograms for the effect of topography to estimate ice velocity. On floating glacier ice, satellite radar altimetry provides better topographic maps, because InSAR is contaminated by oceanic tides. For this reason we used the Greenland DEM to correct single-difference SAR interferograms for topography on floating ice and also to infer ice shelf thickness from ice shelf surface elevation. Barnbet et al. [2001] derived their DEM by combining radar altimetry with GPS surveys, ATM, and aerial photography.
We combined single-difference SAR interferograms collected along ascending and descending tracks to produce vector maps of ice motion, except where no ascending tracks were collected (from Harald Moltke to Humboldt Gletscher). We assumed that ice flows parallel to the ice sheet surface, which is a reasonable approximation for polar glaciers. On floating ice, tidal motion was removed using the method described by Rignot Rignot [1998a] showed that grounding line positions can be mapped with InSAR with a horizontal precision of 20-50 m, which is 1-2 orders of magnitude better than in prior studies [Rignot, 1998b] . Grounding line positions, however, migrate back and forth with ocean tide over a rough bed. This limits the precision of mean-sea-level grounding line mapping to 100-200 m (assuming +l-m oceanic tide and 1% thickness slope), unless multiple interferograms are analyzed. Using this approach, we detected grounding line migration between 1992 and 1996 and converted the results into thinning rates using surface slope measured by ATM and thickness slope measured by ISR.
Ice thickness
We used both measured and estimated ice thickness to compute the ice flux. The measured thicknesses were used primarily to compute mass flux using a transverse ISR profile upstream of the grounding line. These data were collected with a 150-MHz coherent radar, operated on an aircraft equipped with GPS receivers. The uncertainty in ice thickness is 10 m [Rignot et al., 1997b] . Only a few ice thickness measurements were made across the glacier at grounding lines because of the inherent difficulties of flying the aircraft across deep fjords and processing radar echoes in the proximity of steep rock and ice faces. We estimated the grounding line thickness from ice shelf elevation from DEM or ATM data, assuming hydrostatic equilibrium of the ice. We used a multiplicative factor of 9.115 to convert grounding line elevation to ice thickness.
We calculated the ice flux both at the grounding line and upstream of the grounding line when transverse ISR data were available. We computed the flux at two locations to increase confidence in the estimates of grounding line discharge and to estimate the glacier mass balance at higher elevation, where ice dynamics and ablation effects are presumably less significant.
We calculated ice front fluxes for a few glaciers and also compiled published data on a few others. The difference in ice flux between the grounding line and the ice front, divided by the ice shelf area in between, yields an estimate of the glacier net balance on floating ice. Comparing the result with accumulation minus surface ablation, we deduced an average basal melting rate under steady state conditions. Similarly, we calculated the average basal melting rate for the first 10 km of floating ice, where basal melting is higher. With a 10% uncertainty for surface melt on ice shelves, the error in steady state basal melting is 12%.
Glacier Topography
The ATM laser instrument on the aircraft flying at 500 m above the ice surface scans over a 50-m swath, centered at about the nadir point on the ice surface. ATM surface elevations have a height measurement accuracy of 10 cm [Krabill et al., 1999] .
We used ATM data to identify hydrostatic equilibrium of the ice (Table 1 and Figures 1 and 2 ) in the proximity of the InSARderived grounding lines. A few outlet glaciers were also surveyed repeatedly to measure elevation changes between 1994 and 1999.
We utilized the Greenland DEM to delineate individual drainage basins from the end points of the flux gates, following the line of steepest slope. We matched the end points of the grounding line and ISR flux gates along flow lines to conserve mass between flux gates. Radar altimeters do not measure surface slope well near the ice sheet margin, i.e., fight above the grounding line. Because of this we used clearly defined flow line features visible in the SAR imagery to initiate the drainage boundaries at low elevation. This procedure was extended to higher elevation until the line of steepest slope derived from the DEM is aligned with flow line features in the SAR imagery.
Mass Accumulation
Annual precipitation is low in northern Greenland,-100-300 mm water equivalent (w.e.) in the humid coastal areas and < 100 mm in the interior [ Weidick, 1995] known with a precision better than 100 m vertical, or 10 km horizontal. This level of precision is sufficient to reduce the uncertainty in surface melt to an acceptable level. Most glaciers fit the higher degree day factor, except for three. In the case of Nioghalvfjerdsbrae we calculate a net ablation of 2.8 knl 3 ice yr '• for the floating 3 tongue using the lower degree day factor, compared to 3.0 km ice yr -• estimated by Reeh et al.
[1999] using unpublished in situ measurements. Our new estimates of surface ablation should therefore have an uncertainty of 10% for the entire study area. Larger errors (20-30%) are not to be excluded on small areas. While this uncertainty is large, it has a limited impact on the mass balance estimates. In Table 3 , ablation accounts for 10% of the mass budget, hence yielding only a 1% uncertainty in mass balance. In Table 4 , ablation is 28% of the mass budget and contributes a 3% uncertainty. By measuring ice fluxes at and upstream of the grounding line, we avoid dealing with the bulk of surface ablation that prevails at lower elevation.
Overall, the balance flux for each glacier is not known with a precision better than 10%, but the balance flux for the entire sector of study should be reliable at the 6% level (5% for accumulation and 3% for ablation). The mass balance estimates should therefore be accurate at the 8% level. 
Results of the Glacier Survey

Harald Moltke, Heilprin, and Tracy Glaciers
The 1996 ERS data show no floating section for these three glaciers. This is consistent with [Koch, 1928] Harald Moltke is a surge-type glacier [Mock, 1966] Table 3 is lower than that estimated by Weidick [1995] , perhaps because the glaciers slowed down in recent times. It is significantly larger (33%) than the balance discharge, however, which suggests significant thinning in this sector of the ice sheet. (Figure 2b ), which suggests that the grounding line continued its slow retreat. (Table 3) . A division of the glacier drainage into a northern and southern sectors, however, reveals that the northern sector exhibits a more negative mass balance than the southern sector (not shown in Table 3 ). This result is consistent with ATM measurements -1 yr is due to surface runoff plus accumulation, and the rest is due to basal melting [Rignot, 1996] . Overall, 70% of the ice is lost from basal melting, 25% is lost from surface melting, and the rest is lost from calving (icebergs). This division of process differs markedly from that of glaciers located farther south, where ice discharge is evenly partitioned between surface melting and calving [Reeh et (Table 6 ). The ATM Nyeboe Land [Higgins, 1991] , with minimal ice discharge. We measurements collected 20 km farther north revealed a 1+0.5 m -1 yr thinning rate, which is consistent with our estimate. Humboldt Gletscher is therefore thinning in the north, where ice flows fast, and is closer to equilibrium in the south, where ice moves slowly.
Humboldt Gletscher
Humboldt Glacier is 110 km wide at the calving front, with a The calf-ice production from this glacier is 20 times lower than low rate of movement. ERS data confirm earlier observations its grounding line discharge (Table 4). The net balance of the [Kollrneyer, 1980] that most of the glacier front is grounded, floating tongue is -8.4 m ice yr -• (Table 5), of which -2.2 m ice except for a few places that float at high tide in the southern sector. The northern sector flows faster and develops a permanent floating section (Figure 2a). The glacier is close to a state of mass balance at the ISR flux gate
Petermann Gletscher
Petermann Gletscher is a fast moving glacier that develops a 20-km-wide by 70-km-long floating tongue. We improved our earlier estimates of its grounding line flux by using a vector map of ice velocity (Plate 2) and a corrected DEM (Table 1) . The new estimate is in agreement with that computed using a transverse ISR profile collected in May 1999, a few kilometers upstream of the grounding line (Figure 2b) . The glacier mass balance is negative, -7% of the balance flux at the grounding line (Table 4) and is -5% at the ISR flux gate (Table 3) (Table 4) . Its 1996 velocity is similar to that measured by Higgins [1991] in the 1970s. Its grounding line advanced slightly (Figure 2c ), which implies a slight thickening of the glacier (Table 6 ). The average basal melting rate of its floating tongue is similar to that estimated on other glaciers (Table 5) This unusual bed configuration probably plays a major role in the ponding of basal melt water upstream of the grounding line, which was suggested to be responsible for the pulsing (surge) behavior of the glacier.
If the glacier were to triple its velocity for 4 weeks every year, it would discharge 15% more ice than listed in Table 4 . This would reduce its positive mass balance from 43 to 28%. The glacier would need to surge for longer time periods (12 weeks) every year to be in balance with its mass input. At the ISR flux gate the glacier balance reduces to 17% (Table 3) .
The grounding line retreated 4.2 km between 1992 and 1996, which is the largest retreat in our stud•, area (Figure 2d) . The retreat implies a thinning of 4 m ice yr' (Table 6) (Table 6 ).
Because the glacier is nearly stagnant at the grounding line, it is probably thinning at its ablation rate. (Table 4) and-50% at the ISR flux gate (Table 3) . implies 1.7 m ice yr 4 thinning (Table 6) 
Mass Balance
The 11 glaciers listed in Table 3 If the thinning rates inferred from InSAR had prevailed over 1 century, the ice tongues of northern Greenland would not have survived, and we should have witnessed a major retreat of the glacier fronts. Petermann Gletscher, for one, did not experience a major retreat, although earlier reports suggested a much rougher surface for its ice tongue than at present [Koch, 1928] . Retreat of glacier floating tongues and sea ice has been more obvious in the northeast [Weidick, 1995] . One possibility, given the historical evidence for glacier front retreat, is that ice thinning and glacial retreat have accelerated in the last few decades.
Basal Melting
The study reveals the magnitude and extent of basal melting on northern Greenland floating ice tongues. Basal melt rates underneath the Ross and Filchner-Ronne ice shelves average a few tens of centimers of ice per year [Jacobs et al., 1996] . In northern Greenland the average melt rates are 10 times larger.
Not only is basal melting high, but it is also the dominant form of mass ablation. Basal melting averages 5-8 m ice yr -• on the floating tongues. In the proximity of the grounding line the rates are 3 times larger (Table 5) . A higher melt rate is expected in these regions, because the ice draft reaches greater depths, and melting is facilitated at greater depths because of the pressure dependence of the ice melting point [Jenkins and Doake, 1991 ] .
Near the grounding line, basal melting will influence ice flow in three ways. If basal melting is too large to maintain the ice in a state of mass balance, steeper surface gradients will be generated at the grounding line, which will increase the driving stress. Higher deviatoric stress gradients across the grounding line will also contribute to softening of the ice [Huybrecht, 1990] . sheet thinning if spread uniformly over the entire drainage area.
Yet it could produce meter-scale glacier thinning if concentrated Finally, the buttressing floating tongues will offer less resistance to inland outflow as they thin, which may increase ice discharge. 
